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Centrosome duplication occurs once per cell cycle
and ensures that the two resulting centrosomes
assemble a bipolar mitotic spindle. Centriole forma-
tion is fundamental for centrosome duplication. In
Caenorhabditis elegans, the evolutionarily con-
served proteins SPD-2, ZYG-1, SAS-6, SAS-5, and
SAS-4 are essential for centriole formation, but how
they function is not fully understood. Here, we
demonstrate that Protein Phosphatase 2A (PP2A) is
also critical for centriole formation in C. elegans
embryos. We find that PP2A subunits genetically
and physically interact with the SAS-5/SAS-6 com-
plex. Furthermore, we show that PP2A-mediated
dephosphorylation promotes centriolar targeting of
SAS-5 and ensures SAS-6 delivery to the site of
centriole assembly. We find that PP2A is similarly
needed for the presence of HsSAS-6 at centrioles
and for centriole formation in human cells. These
findings lead us to propose that PP2A-mediated
loading of SAS-6 proteins is critical at the onset of
centriole formation.
INTRODUCTION
Centrosome duplication is carefully orchestrated to yield the
proper number of two centrosomes during mitosis. The centro-
some comprises a pair of centrioles surrounded by pericentriolar
material (PCM) and serves as the major microtubule organizing
center of animal cells (for review, see Azimzadeh and Marshall,
2010). Centrioles are cylindrical microtubule-based structures
characterized by a universal 9-fold radial symmetry. Formation
of a new centriole next to each existing one, once per cell cycle,
is essential for centrosome duplication. Despite important
progress in recent years, the mechanisms governing centriole
formation remain incompletely understood.
Time-resolved electron tomography revealed that centriole
formation in C. elegans embryos initiates with the assembly of550 Developmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Ia central tube onto which microtubules are subsequently added
(Pelletier et al., 2006). The central tube is thought to be function-
ally related to the cartwheel that appears at the onset of centriole
formation in other species and that is critical for establishing the
characteristic 9-fold symmetry (for review, see Strnad and
Go¨nczy, 2008). Forward genetic and genome-wide RNAi-based
screens have led to the identification of five proteins essential
for centriole formation inC. elegans: the kinase ZYG-1 (O’Connell
et al., 2001), as well as the coiled-coil proteins SPD-2 (Kemp
et al., 2004; Pelletier et al., 2004), SAS-6 (Dammermann et al.,
2004; Leidel et al., 2005), SAS-5 (Dammermann et al., 2004;
Delattre et al., 2004), and SAS-4 (Kirkham et al., 2003; Leidel
and Go¨nczy, 2003). Molecular epistasis experiments demon-
strated that SPD-2 is required for the recruitment of the four other
proteins to centrioles, whereas ZYG-1 is needed for the presence
of centriolar SAS-5 and SAS-6 (Delattre et al., 2006; Pelletier
et al., 2006). For SAS-6, this involves direct phosphorylation by
ZYG-1, which ensures maintenance of centriolar SAS-6 (Kita-
gawa et al., 2009). SAS-6 and SAS-5 physically interact and are
dependent on one another for their presence at centrioles (Leidel
et al., 2005). Moreover, SAS-5 shuttles between the cytoplasm
and centrioles (Delattre et al., 2004). The SAS-5/SAS-6 complex
is needed in turn for SAS-4 loading and subsequent microtubule
addition (Delattre et al., 2006; Pelletier et al., 2006). In linewith this
sequence of events, the initial step of central tube formation
requires the function of SPD-2 and ZYG-1, as well as that of
SAS-5 and SAS-6, but not of SAS-4 (Pelletier et al., 2006).
Relatives of the proteins initially discovered in C. elegans as
being essential for centriole formation have been identified and
characterized in other species. Thus, proteins of the SAS-6
family are invariably present in organismswith centrioles or basal
bodies and also essential for their formation (Culver et al., 2009;
Dammermann et al., 2004; Leidel et al., 2005; Nakazawa et al.,
2007; Rodrigues-Martins et al., 2007; Strnad et al., 2007; Yabe
et al., 2007). The Chlamydomonas reinhardtii and Tetrahymena
thermophila SAS-6 homologs localize to the cartwheel (Kilburn
et al., 2007; Nakazawa et al., 2007), whereas the human protein
HsSAS-6 localizes to the proximal part of the new centriole,
where the cartwheel is located (Kleylein-Sohn et al., 2007; Strnad
et al., 2007). In addition, C. elegans SAS-6 centriolar recruitment
proceeds in parallel with central tube elongation (Dammermann
et al., 2008; Pelletier et al., 2006). In line with these findings,nc.
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into ring structures with a radial symmetry thought to be at the
root of centriole formation (Kitagawa et al., 2011; van Breugel
et al., 2011). The evolutionary relationships are less obvious
in the case of SAS-5. It has been suggested that Drosophila
melanogaster Ana2 and vertebrate STIL are related toC. elegans
SAS-5, although the sequence conservation is weak and
restricted to a C-terminal region (Stevens et al., 2010). Ana2 is a
centriolar protein required for centriole formation in Drosophila
(Dobbelaere et al., 2008; Goshima et al., 2007), whereas work
in mice and zebrafish indicates that STIL localizes to centro-
somes and may function in centriole formation (Izraeli et al.,
1999; Pfaff et al., 2007). However, how SAS-5 and its potential
relatives ensure centriole formation is not known.
Several Ser/Thr kinases have been implicated in centriole
formation, including ZYG-1 inC. elegans, the functionally related
Polo-like kinase 4 (Plk4/Sak) in Drosophila and human cells
(Bettencourt-Dias et al., 2005; Habedanck et al., 2005), as well
as CDK2/CyclinE, Mps1, and Plk2 also in tissue culture
(for review, see Strnad and Go¨nczy, 2008). Therefore, phosphor-
ylation events are critical for centriole formation and are likely to
be tightly regulated. In principle, such regulation could be
achieved by degradation or inactivation of the kinases. Alterna-
tively, counteracting phosphatases may be important. Ser/Thr
protein phosphatases belong to one of eight families, including
Protein Phosphatase 2A (PP2A). PP2A plays multiple roles
during the cell cycle and usually functions as a trimeric holoen-
zyme, with the catalytic and structural subunits forming a core
dimer, which associates with a variable regulatory subunit that
mediates association with substrates (for review, see Janssens
and Goris, 2001). RNAi-based screens in Drosophila cells aimed
at investigating the function of phosphatases or that of mitotic
centrosome components identified the PP2A catalytic (mts)
and structural (PP2A-29B) subunits as candidate genes regu-
lating centrosome number (Chen et al., 2007; Muller et al.,
2010). However, the monopolar spindle phenotype observed
upon depletion ofmts has been interpreted to result from spindle
collapse rather than centrosome duplication failure (Chen et al.,
2007). In apparent contradiction with these results, overexpres-
sion of small tumor antigen, which interferes with PP2A function,
leads to the formation of supernumerary centrosomes in
Drosophila (Kotadia et al., 2008). Regardless of the discrepancy
between these studies, whether centriole formation is affected in
these cases has not been investigated.
RESULTS
LET-92, the Catalytic Subunit of PP2A Phosphatase, Is
Required for Centriole Formation in C. elegans Embryos
We found that depletion by RNAi of LET-92, the sole PP2A cata-
lytic subunit in C. elegans, results in embryos that do not prog-
ress beyond the two-cell stage (see below and data not shown).
Cycles of cortical contraction during mitosis and cortical relaxa-
tion during interphase continue in such embryos, indicating that
the phenotype is not due to defective cell cycle progression.
Nevertheless, LET-92 depletion results in pleiotropic defects in
one-cell stage embryos, including aberrant chromosome struc-
ture and impaired microtubule growth, reflecting other functions
of PP2A (see also Schlaitz et al., 2007).DeveSuggestively, embryos depleted by RNAi of components
essential for centrosome duplication also do not progress
beyond the two-cell stage (for review, see Leidel and Go¨nczy,
2005). Therefore, we tested whether LET-92 depletion causes
defective centrosome duplication. To this end, we analyzed
embryos expressing the centrosomal PCM component GFP-
TAC-1 using dual differential interference contrast (DIC) and
fluorescent time-lapse microscopy. We found that whereas
control embryos assemble a bipolar spindle in each blastomere
at the end of the second cell cycle, with one centrosome in each
spindle pole, let-92(RNAi) embryos usually assemble a monopo-
lar spindle in each blastomere, with a single focus of GFP-TAC-1
(Figure 1A, arrowheads). Therefore, LET-92 is required for an
aspect of centrosome duplication in C. elegans embryos.
We addressedwhether the failure of centrosome duplication in
two-cell stage let-92(RNAi) embryos is a consequence of other
defects that occurred during the first cell cycle. To this end, we
sought to inactivate PP2A activity starting at the two-cell stage
andassay the resulting consequenceoncentrosomeduplication.
Embryos expressing GFP-SPD-2, which marks the PCM as well
as centrioles (Kemp et al., 2004; Pelletier et al., 2004), were
mounted in the presence of the PP2A catalytic subunit inhibitor
Calyculin A (Ishihara et al., 1989). The drug was initially excluded
from the embryoproper owing to the surrounding eggshell, which
was pierced early in the two-cell stage with a laser microbeam to
allow drug entry. In control embryos, centrosomes duplicate nor-
mally, such that each blastomere at the four-cell stage harbors
two GFP-SPD-2 foci (Figure 1B, top, 30:00). By contrast, we
found that in Calyculin A-treated embryos, centrosomes usually
do not duplicate, such that each blastomere at the four-cell stage
harbors only one centrosome (10/14 blastomeres; Figure 1B,
bottom, 36:00).We conclude that the failure of centrosomedupli-
cation in two-cell stage let-92(RNAi) embryos is not a conse-
quence of prior defects during the first cell cycle and that PP2A
activity is necessary for centrosome duplication in C. elegans.
We then tested whether LET-92 is required specifically for the
step of centriole formation, as is the case for SPD-2, ZYG-1,
SAS-6, SAS-5, and SAS-4 (for review, see Leidel and Go¨nczy,
2005). In embryos depleted of these components by RNAi, the
paternally contributed centrioles split from one another and
each assembles a functional MTOC in the one-cell stage, thus
ensuring bipolar spindle assembly. However, in the absence of
maternally contributed components, a monopolar spindle
assembles in each blastomere at the two-cell stage. To test if
LET-92 is required for centriole formation, we examined the
distribution of the centriolar protein SAS-4 (Figure 1C). We found
that splitting of paternally contributed centrioles occurs normally
in one-cell stage let-92(RNAi) embryos, since two foci of SAS-4
are present during pronuclear migration (Figure 1C). Strikingly,
however, whereas wild-type two-cell stage embryos always
harbor four SAS-4 foci, two per blastomere, let-92(RNAi) two-
cell stage embryos rarely do so (8%; the number of embryos
examined is indicated in the figure legends throughout themanu-
script). Instead, let-92(RNAi) two-cell stage embryos usually
harbor only two such foci (Figure 1C).We noted also that, despite
efficient reduction of LET-92 levels, the size of the PCM is not
significantly affected (see Figures S1A and S1B available online).
Therefore, LET-92 appears to be required for centrosome dupli-
cation specifically at the step of centriole formation.lopmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Inc. 551
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Figure 1. LET-92 Is Required for Centriole Formation in C. elegans Embryos
(A) Images from time-lapse recordings of control and let-92(RNAi) two-cell stage embryos expressing GFP-TAC-1 as a centrosomal marker. For ease of illus-
tration, the fluorescence signal has been overlaid onto the DIC image. Arrowheads indicate centrosomes. In this and other figures, anterior is to the left and scale
bars are 10 mm. Elapsed time after cytokinesis in the one-cell stage is indicated in minutes:seconds.
(B) Left panels: bright-field images from time-lapse recordings of two-cell stage embryos expressing GFP-SPD-2 when the eggshell was pierced (arrowheads)
with a laser microbeam to allow entry of DMSO or Calyculin A. Embryos were then analyzed by spinning disk confocal microscopy to monitor centrosomes using
GFP-SPD-2 (right panels). Elapsed time after piercing is indicated in minutes:seconds; arrowheads in the middle panels indicate centrosomes in the AB blas-
tomere. Dashed lines indicate blastomere boundaries. Insets in the right-most panel show a 23 magnified view of centrosomes, as they do in subsequent
figures. Whereas at 30 min in the control embryo centrosomes in the ABa and ABp blastomeres duplicated (centrosomes in the other two blastomeres are out of
focus in this particular frame), they did not duplicate in the Calyculin A-treated embryo.
(C) Wild-type and let-92(RNAi) embryos at the indicated stages stained with antibodies against a-tubulin (green) and SAS-4 (red in merge, white in insets); DNA is
shown in blue in this and subsequent figures. All wild-type two-cell stage embryos harbor four SAS-4 foci (n = 46), whereas 92% of let-92(RNAi) two-cell stage
embryos harbor two SAS-4 foci, one per blastomere (n = 63). More complete inactivation of LET-92 by RNAi results in sterility; incomplete depletion likely explains
why a small fraction of embryos harbor more than two SAS-4 foci in the incomplete inactivation conditions used in this study.
(D and E) GFP-SAS-4 incorporation assay. (D) Meiotic or mitotic embryos coming from oocytes expressing GFP-SAS-4 without or with let-92(RNAi), as indicated,
fertilized by wild-type sperm and stained with antibodies against a-tubulin (green) and GFP (red in merge, white in insets). In control embryos, GFP-SAS-4 has
been incorporated into the newly formed centrioles by the first mitotic division. By contrast, in let-92(RNAi) embryos, GFP-SAS-4 is not incorporated (e.g., right
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Figure 2. Genetic Interactions between PP2A Components in Centriole Formation
(A) Wild-type, paa-1(RNAi) and sur-6(RNAi) two-cell stage embryos stained with antibodies against a-tubulin (green) and SAS-4 (red in merge, white in insets). All
paa-1(RNAi) two-cell stage embryos harbor two SAS-4 foci, one per blastomere (n = 80), whereas 7% of sur-6(RNAi) two-cell stage embryos have a single SAS-4
focus in one of the blastomeres (n = 58).
(B) Two-cell stage paa-1 and let-92 heterozygousmutant embryos, without or with sur-6(RNAi), stainedwith antibodies against a-tubulin (green) and SAS-4 (red in
merge, white in insets). The number of SAS-4 foci at the end of the second cell cycle is indicated in the accompanying histograms (embryos analyzed from two
independent experiments: n = 38 for let-92(s504)/+, n + 40 for let-92(s504)/+ sur-6(RNAi), n = 32 for paa-1(ok1539)/+, n = 36 for paa-1(ok1539)/+ sur-6(RNAi)).
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reflects defective centriole formation, as opposed to failed split-
ting of centrioles in two-cell stage embryos, we monitored
centriole formation using a GFP-SAS-4 incorporation assay (Fig-
ure S1C) (Kirkham et al., 2003; Leidel and Go¨nczy, 2003). When
wild-type sperm contributes unlabelled centrioles to an other-
wise wild-type oocyte expressing GFP–SAS-4, each centro-
some in the resulting embryo bears one GFP-positive centriole
during the first mitosis, reflecting the formation of one new
centriole next to each existing one during the first round of
centrosome duplication (100%; Figures 1D and 1E). By contrast,
we found that when wild-type sperm contributes unlabelled
centrioles to a let-92(RNAi) oocyte expressing GFP–SAS-4,
centrosomes in the resulting embryo rarely harbors a clear focus
of GFP (10%; Figures 1D and 1E), further demonstrating that
LET-92 is required for centriole formation.
Other PP2A Components Are Required for Centriole
Formation
We set out to address whether other PP2A components are
also necessary for centriole formation in C. elegans. We first
tested PAA-1, the sole PP2A structural subunit in the nema-inset of mitotic let-92(RNAi) embryo) or weakly incorporated (e.g., left inset of m
let-92(RNAi) embryos (embryos analyzed from four independent experiments: n
See also Figure S1.
Devetode. As shown in Figure 2A, we found that RNAi-mediated
depletion of PAA-1 results in a fully penetrant centriole forma-
tion defect.
We next tested the seven predicted PP2A regulatory subunits
(pptr-1, pptr-2, rsa-1, sur-6, C06G1.5, F47B8.3, and T22D1.5).
Whereas no defects were observed among early embryos in
the six other cases (data not shown), we found that sur-6
(RNAi) two-cell stage embryos exhibit a partially penetrant
defect in centriole formation (7% of embryos; Figure 2A). Such
partial penetrance is not due to incomplete depletion of SUR-6
by RNAi, because embryos derived from homozygous mutant
animals of the predicted null allele sur-6(sv30) similarly exhibit
a partially penetrant phenotype (data not shown).
We reasoned that if SUR-6 acts together with LET-92 and
PAA-1 in centriole formation, then partial inactivation of LET-92
or PAA-1 may enhance the phenotype elicited by sur-6(RNAi).
We thus subjected heterozygous animals from the mutant alleles
let-92(s504) and paa-1(ok1539) to sur-6(RNAi). Whereas all two-
cell stage heterozygous let-92(s504) and paa-1(ok1539)
embryos harbor four SAS-4 foci, two per blastomere (Figure 2B),
upon sur-6(RNAi), such heterozygote mutant embryos harbor
less than four SAS-4 foci more frequently than sur-6(RNAi)itotic let-92(RNAi) embryo). (E) GFP-SAS-4 signal at centrioles in control and
= 38 and 92, respectively).
lopmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Inc. 553
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the notion that SUR-6 participates with LET-92 and PAA-1 in
centriole formation.
Overall, we conclude that a PP2A phosphatase core consist-
ing of the catalytic subunit LET-92 and the structural subunit
PAA-1 is essential for centriole formation in C. elegans, with
the regulatory subunit SUR-6 playing an accessory role in this
process.
PP2A Components Genetically Interact with ZYG-1,
SAS-5, and SAS-6
We set out to investigate how PP2A feeds into the assembly
pathway of centriole formation (Delattre et al., 2006; Pelletier
et al., 2006). We first addressed whether there are genetic
interactions between let-92 and genes previously known to be
essential for centriole formation. We used partial RNAi-mediated
inactivation of let-92 (Figure S1D) combined with a temperature-
sensitive mutant allele of zyg-1 (Kemp et al., 2007) raised at the
permissive temperature, as well as with heterozygous mutant
alleles of sas-5 (Delattre et al., 2004), sas-6 or sas-4 (Experi-
mental Procedures). In all these cases, embryos not subjected
to RNAi proceed to the end of the two-cell stage with the normal
number of four SAS-4 foci (Figure 3A). By contrast, most zyg-1
(it25) and heterozygous sas-5(t2079)mutant embryos subjected
to partial let-92(RNAi) harbor only two SAS-4 foci and rarely the
normal number of four (16% and 9%, respectively; Figure 3B).
We also noted that 56%of heterozygous sas-6(ok2554) embryos
subjected to partial let-92(RNAi) harbor four SAS-4 foci at the
end of two-cell stage (Figure 3B). By contrast, no enhancement
was observed in the case of sas-4(tm3951) (Figure 3B). Analo-
gous conclusions were drawn from experiments in which zyg-1
(it25), as well as heterozygous sas-5(t2079), sas-6(ok2554),
and sas-4(tm3951) animals were subjected to sur-6(RNAi)
(Figure 3C).
Taken together, our findings demonstrate that PP2A phospha-
tase components exhibit a strong genetic interaction with zyg-1
and sas-5, and a weaker one with sas-6. These results raise the
possibility that PP2A modulates an early step of centriole forma-
tion in which ZYG-1 and the SAS-5/SAS-6 complex are involved.
PP2A Is Required for the Presence of SAS-5/SAS-6
at Centrioles
Next, we addressed whether SPD-2, ZYG-1, SAS-5/SAS-6, and
SAS-4, which are normally recruited in a sequential manner to
new centrioles (Delattre et al., 2006; Pelletier et al., 2006), are
similarly recruited upon depletion of LET-92. These experiments
were designed to enable us to distinguish de novo centriolar
recruitment from the prior presence of proteins at paternally
contributed centrioles. We first analyzed the distribution of
GFP-SPD-2, which is not present in sperm centrioles (Delattre
et al., 2006) and found that it is recruited to centrioles and the
PCM in let-92(RNAi) embryos, as is the case in the wild-type
(Figures 4A and 4B). We next investigated the distribution of
ZYG-1, whose levels at centrioles normally oscillate across the
cell cycle, with the signal being minimal during interphase and
maximal during mitosis (Delattre et al., 2006). We found that
ZYG-1 is recruited normally to centrioles in let-92(RNAi) embryos
(Figure 4C). Moreover, we found that 97% of two-cell stage
let-92(RNAi) embryos exhibit a ZYG-1 centriolar signal, com-554 Developmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Ipared to 42% in the wild-type (Figure 4D). This suggests that
ZYG-1 does not oscillate across the cell cycle upon LET-92
depletion, which is reminiscent of the situation in embryos
depleted of SAS-5 or SAS-6 (Delattre et al., 2006). Accordingly,
we found that GFP-SAS-5 and GFP-SAS-6 centriolar recruit-
ment is severely compromised in let-92(RNAi) embryos (Figures
4E–4H). These results indicate that centriolar ZYG-1 is not suffi-
cient for centriolar SAS-5/SAS-6. Importantly in addition, they
establish that PP2A is needed for the presence of the SAS-5/
SAS-6 complex at centrioles.
LET-92/PAA-1/SUR-6 Associates with the SAS-5/SAS-6
Complex
We investigated whether the PP2A subunits physically interact
with SAS-5 or SAS-6. Using yeast two-hybrid, LET-92 was iden-
tified in a large-scale unbiased screen using SAS-5 as bait (data
not shown) and targeted experiments established that LET-92
interacts with SAS-5, whereas PAA-1 interacts with SAS-6, as
does SUR-6 (Figure 5A). Furthermore, we narrowed down the
region of SAS-5 interacting with LET-92 to the C-terminal half
of the protein (Figure 5B). The interactions detected by yeast
two-hybrid were confirmed by coimmunoprecipitation experi-
ments conducted in 293T cells (Figures 5C–E). Thus, SAS-5
interacts with LET-92, and SAS-6 with PAA-1 as well as with
SUR-6, in two distinct heterologous systems.
We next addressed whether the LET-92-containing PP2A
complex also associates with the SAS-5/SAS-6 complex in
C. elegans embryos, and found through coimmunoprecipitation
experiments that this is the case indeed (Figures 6A and 6B). We
also noted that LET-92 antibodies coimmunoprecipitate the two
previously described species of SAS-5 (Leidel et al., 2005).
Compatible with the fact that LET-92 binds to the C terminus
of SAS-5, mass spectrometry of the smaller species of SAS-5
identified peptides strictly in the C terminus of the protein (Fig-
ure 6C). To test whether the interaction between LET-92 and
SAS-5 requires SAS-6, we repeated the coimmunoprecipitation
experiments in sas-6(RNAi) embryonic extracts, which revealed
that LET-92 associates with SAS-5 independently of SAS-6 (Fig-
ure 6B), consistent with the yeast two-hybrid experiments.
Overall, we conclude that the PP2A phosphatase comprising
LET-92/PAA-1/SUR-6 associates with the SAS-5/SAS-6
complex.
PP2A Dephosphorylates SAS-5 and Is Required
for SAS-5 Centriolar Targeting
We investigated the possibility that SAS-5 and/or SAS-6 are de-
phosphorylated by PP2A. As shown in Figure 6D, western blot
analysis revealed a shift in the mobility of both species of
SAS-5, but not of SAS-6, upon treatment of wild-type embryonic
extracts with the purified human PP2A catalytic subunit. This
indicates that the majority of SAS-5 is phosphorylated at steady
state in C. elegans embryos and can be dephosphorylated
by PP2A.We testedwhether PP2A-mediated dephosphorylation
regulates the levels of SAS-5 protein or the formation of the
SAS-6/SAS-5 complex, but found this not to be the case
(Figures S3A–S3C).
To determine the consequence of dephosphorylation by PP2A
of SAS-5, we examined the behavior of GFP-SAS-5 in live
embryos. We again turned to Calyculin A to acutely compromisenc.
Figure 3. Genetic Interactions between Genes Required for Centriole Formation and PP2A Components
Two-cell stage embryos of the indicated genotypes without (A) or with partial let-92(RNAi) (B) or sur-6(RNAi) (C), stained with antibodies against a-tubulin (green),
as well as SAS-4 (red in merge, white in insets). The number of SAS-4 foci at the end of the second cell cycle is indicated in the accompanying histograms
(embryos analyzed from two independent experiments: n = 45 for wild-typewith let-92(RNAi), n = 47 for zyg-1(it25)with let-92(RNAi), n = 57 for sas-5(t2079)/+ with
let-92(RNAi), n = 35 for sas-6(ok2554)/+ with let-92(RNAi), n = 30 for sas-4(tm3951)/+ with let-92(RNAi), n = 58 for wild-type with sur-6(RNAi), n = 48 for zyg-1(it25)
with sur-6(RNAi), n = 24 for sas-5(t2079)/+ with sur-6(RNAi), n = 28 for sas-6(ok2554)/+ with sur-6(RNAi), n = 14 for sas-4(tm3951)/+ with sur-6(RNAi)). For control
experiments without RNAi, only histograms are shown on the left (n = 20 for all control embryos, from two independent experiments).
See also Figure S1.
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ning disk confocal microscopy. Importantly, we found that
whereas the intensity of centriolar GFP-SAS-5 remains the
same in control embryos, it decays gradually after exposure to
Calyculin A (Figures 7A and 7B). We conclude that PP2A activity
is required for targeting of SAS-5 to centrioles.
We next addressed whether the function of PP2A phospha-
tase in centriole formation is evolutionarily conserved. To this
end, we analyzed human HeLa cells in mitosis, which normally
harbor four centrioles marked by the EF-hand protein centrin-2Deve(Figure 7C). We found that upon siRNA-mediated depletion of
the structural subunit of human PP2A phosphatase PPP2R1A
(Figure S3D), 70% of mitotic cells harbor %2 centrioles
(Figures 7C and 7D). Moreover, we found that HsSAS-6 is often
absent from mitotic cells depleted of PPP2R1A (Figures 7C and
7E). Analogous albeit less penetrant phenotypes were observed
with a distinct siRNA targeting PPP2R1A (data not shown).
These findings indicate that PP2A phosphatase is also required
for the presence of HsSAS-6 at centrioles and centriole forma-
tion in human cells.lopmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Inc. 555
Figure 4. LET-92 Is Required for the Presence of SAS-5/SAS-6 at Centrioles
(A–H) Centriolar incorporation assays with centriolar proteins; embryos on the left: control, embryos on the right: let-92(RNAi). (A) GFP-SPD-2 embryos stained
with antibodies against a-tubulin (green) and GFP (red in merge, white in insets). The intensity of the GFP-SPD-2 signal at centrioles in let-92(RNAi) embryos
tended to be stronger than in the wild-type for reasons that remain to be investigated. (C) Wild-type embryos stained with antibodies against a-tubulin (green) and
ZYG-1 (red inmerge, white in insets). (E) Wild-typemalesmatedwith self-sterile hermaphrodites expressing GFP-SAS-5 stained with antibodies against a-tubulin
(green) andGFP (red inmerge, white in insets). Analogous findings were obtainedwith endogenous SAS-5 (data not shown). (G) GFP-SAS-6 embryos stainedwith
antibodies against a-tubulin (green) and GFP (red in merge, white in insets). (B, D, F, H) Quantification of centriolar signal of the indicated maternally contributed
centriolar proteins in control and let-92(RNAi) embryos (embryos analyzed, from three independent experiments: n = 30 for GFP-SPD-2, n = 39 for GFP-SPD-2
with let-92(RNAi), n = 38 for ZYG-1, n = 15 for ZYG-1 with let-92(RNAi), n = 48 for GFP-SAS-5, n = 33 for GFP-SAS-5 with let-92(RNAi), n = 82 for GFP-SAS-6,
n = 39 for GFP-SAS-6 with let-92(RNAi)).
See also Figure S2.
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The assembly of a new centriole next to each existing one is
fundamental for centrosome duplication but the underlying
mechanisms remain incompletely understood and constitute556 Developmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Ia long-standing question in cell and developmental biology.
Although a number of components critical for centriole formation
have been identified in recent years, how they are recruited to
function at the site of centriole assembly is not known. Our find-
ings contribute to clarifying this issue by demonstrating that thenc.
Figure 5. Physical Interaction between SAS-5/SAS-6 and PP2A Components
(A and B) Yeast two-hybrid assay testing interactions between full-length SAS-5 or SAS-6 and LET-92, PAA-1 or SUR-6 (A), as well as the indicated fragments of
SAS-5 and full-length LET-92 (B). SAS-5 fragments: SAS-5[N-long] (aa 1–179), SAS-5[C-long] (aa 115–404), SAS-5[M] (aa 115–179), SAS-5[C] (aa 170–404).
(C–E) Coimmunoprecipitation assay in 293T cells testing interaction between Flag-SAS-5 and HA-LET-92, HA-PAA-1 or HA-SUR-6 (C), between Flag-SAS-6 and
HA-LET-92, HA-PAA-1 or HA-SUR-6 (D), between Flag-SAS-5 fragments and HA-LET-92 (E). Coimmunoprecipitation performed using anti-Flag agarose beads.
The resulting purified protein complexes and total cell lysates were separated on Nu-PAGE gel and Flag- and HA-tagged proteins detected using standard
immunoblotting techniques.
Developmental Cell
PP2A Regulates Centriole FormationPP2A phosphatase acts upon SAS-5 to ensure centriolar target-
ing of the SAS-5/SAS-6 complex during centriole formation in
C. elegans embryos.
PP2A Phosphatase Regulates Targeting
of the SAS-5/SAS-6 Complex to Centrioles
Our work identifies PP2A phosphatase as a new regulator of
centriole formation in C. elegans. Although both LET-92 and
PAA-1 have been targeted in systematic RNAi-based functional
genomic screens (Kamath et al., 2003; Sonnichsen et al., 2005),
the pleiotropy of the resulting phenotypes had prevented to
recognize the requirement for centriole formation. Our work
establishes that PP2A acts upon the coiled-coil protein SAS-
5. SAS-5 shuttles between the cytoplasm and centrioles (De-
lattre et al., 2004); moreover, SAS-5 is essential for the pres-
ence of SAS-6 at centrioles, suggesting that SAS-5 is a vehicle
for SAS-6 centriolar recruitment (Leidel et al., 2005). Based on
these notions, our findings lead us to propose the following
working model for the involvement of PP2A in centriole forma-
tion (Figure 7F). First, PP2A associates with the SAS-5/SAS-6
complex through an interaction between the catalytic subunit
LET-92 and SAS-5, as well as between the structural subunit
PAA-1 and SAS-6, with the interaction between the variable
subunit SUR-6 and SAS-6 playing an accessory role (step 1).DeveAlthough some LET-92 is present at centrosomes (Schlaitz
et al., 2007), the protein is predominantly cytoplasmic in early
embryos, and we postulate that this is where PP2A acts upon
SAS-5. Given that the bulk of SAS-5 is phosphorylated in vivo
and can be dephosphorylated by PP2A in vitro, we further
postulate that a counteracting kinase, the identity of which
remains to be determined, ensures that SAS-5 is phosphory-
lated most of the time. Once association between the LET-
92/PAA-1/SUR-6 and SAS-5/SAS-6 complexes is achieved,
PP2A dephosphorylates SAS-5 (step 2). Dephosphorylation of
SAS-5 is needed for its centriolar targeting, thus enabling also
the delivery of SAS-6 to the assembly site of the new centriole
(step 3).
Association between PP2A Components
and the SAS-5/SAS-6 Complex
The association between PP2A trimeric holoenzymes and their
substrate is often mediated by an interaction between the vari-
able subunit and the substrate. However, in some cases,
including Bcl-2 (Deng et al., 1998) and Adenylyl Cyclase AC8
(Crossthwaite et al., 2006), efficient phosphatase activity can
be achieved merely with the core catalytic and structural
subunits, whereby the catalytic subunit mediates interaction
with the substrate. The crystal structure of the PP2A trimetriclopmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Inc. 557
Figure 6. PP2A Associates with SAS-5/
SAS-6 Complex and Dephosphorylates
SAS-5
(A) Wild-type extracts immunoprecipitated with
control IgG or LET-92 antibodies. Input and IP
were analyzed by western blot using SAS-5 or
LET-92 antibodies, as indicated. Total lysates/IP =
1:50. Note that SAS-5 antibodies detect two main
species, one at the expected size (SAS-5L), as
well as a smaller one (SAS-5S), both of which are
brought down with LET-92.
(B) Wild-type or sas-6(RNAi) embryonic extracts
immunoprecipitated with LET-92 antibodies. Input
and IP were analyzed by western blot using SAS-
5, SAS-6, a-tubulin or LET-92 antibodies, as indi-
cated. Total lysates/IP = 1:50.
(C) The short lines below SAS-5 indicate the
position of the peptides identified by mass-spec-
trometry in the short fragment.
(D) Dephosphorylation of SAS-5 by PP2A catalytic
subunit. Wild-type embryonic extracts were incu-
bated without (–) or with (+) the human PP2A
catalytic subunit at 30C for 2 hr and analyzed by
western blot using SAS-5 or SAS-6 antibodies.
Note that there is a clear band shift of both SAS-5
species upon addition of the PP2A catalytic
subunit, but this is not the case for SAS-6.
See also Figure S3.
Developmental Cell
PP2A Regulates Centriole Formationholoenzyme revealed that the catalytic subunit can indeed
participate in the interaction with the substrate (Xu et al., 2006).
We provide evidence that the association between a PP2A phos-
phatase and its substrate can be achieved using a variation on
this theme. We find that the catalytic subunit LET-92 interacts
with the substrate SAS-5, and that the structural subunit inter-
acts with SAS-6, which itself is associated with SAS-5. Perhaps
such a bipartite mode of interaction is needed to ensure robust
SAS-5 dephosphorylation. The interaction between LET-92
and SAS-5 still occurs upon SAS-6 depletion, when the interac-
tion between PAA-1 and SAS-6 should not be present. However,
the interaction between LET-92 and SAS-5 does not appear to
be sufficient for SAS-5 dephosphorylation, because SAS-5 cen-
triolar targeting and centriole formation do not occur upon PAA-1
depletion.
Why is the centriole formation defect incompletely penetrant in
sur-6(RNAi) and sur-6mutant embryos? SUR-6 is a PR55/B type
variable regulatory subunit initially characterized through its
requirement for regulating vulval induction (Sieburth et al.,
1999). Although SUR-6 functions during embryonic mitosis
(Kao et al., 2004), our work indicates that it is not essential for558 Developmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Inc.centriole formation. In principle, another
partially redundant variable subunit could
play a role. However, we view this as
unlikely given that SUR-6 is the only
PR55/B family variable subunit in
C. elegans and also that we did not
observe enhanced centriole formation
defects upon RNAi-mediated inactivation
of any of the other six known PP2A regu-
latory subunits in the sur-6(sv30) mutant
allele (unpublished observations). There-
fore, we propose that the interaction between SUR-6 and
SAS-6 somehow promotes efficient phosphatase activity upon
SAS-5, without being necessary, perhaps owing to the robust
bipartite mode of interaction between LET-92/PAA-1 and
SAS-5/SAS-6.
Conclusions
We have shown that a PP2A phosphatase acts on a given
substrate to ensure centriole formation, thus uncovering an
expanded repertoire of mechanisms by which this fundamental
process is modulated. In C. elegans, PP2A acts upon SAS-5,
and this dephosphorylation event is necessary for the targeting
of SAS-5/SAS-6 to centrioles. Moreover, PP2A regulates the
presence of centriolar HsSAS-6 and centriole formation in
human cells. Relatives of SAS-5 have been suggested to exist
in D. melanogaster and H. sapiens (Stevens et al., 2010), with
the sequence conservation being restricted to a C-terminal
region comprised within the part of SAS-5 that interacts with
LET-92. Together, the above considerations make it likely that
the novel mechanism uncovered here will be of broad
significance.
Figure 7. PP2A Activity Is Critical for SAS-5 Centriolar Targeting
(A and B) To allow entry of DMSO or Calyculin A inside two-cell stage C. elegans embryos expressing GFP-SAS-5, the eggshell was pierced with a laser
microbeam. Elapsed time after piercing is indicated in minutes. Embryos were then analyzed by spinning disk confocal microscopy to monitor centriolar GFP-
SAS-5. (A) Representativemagnified images of centriolar GFP-SAS-5. Insets show a23magnified view of centrosomes. (B) Quantification of GFP-SAS-5 signal
intensity at centrioles over time (n = 6 for DMSO, 9 for Calyculin A).
(C) Mitotic control HeLa cells or HeLa cells treated with PPP2R1A siRNAs and stained with antibodies against centrin-2 as well as HsSAS-6. Insets show2 fold
magnified views of spindle poles. Scale bar, 10 mm.
(D and E) Frequency of mitotic cells withR3 centrioles (D) or with centriolar HsSAS-6 (E) (n = 59 for control and n = 84 for PPP2R1A siRNA). Shown are the mean
percentages ±SEM from two independent experiments.
(F) Working model. SAS-5/SAS-6 interacts with the complex formed by the catalytic and structural subunits of the PP2A phosphatase (LET-92/PAA-1), with the
association between SAS-6 and SUR-6 further promoting this interaction (step 1). White lines indicate observed protein-protein interactions. Dephosphorylation
of SAS-5 follows (step 2), after which the SAS-5/SAS-6 complex is recruited to the assembly site of centrioles (step 3).
See also Figure S3.
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Nematode Strains
Wild-type (N2), zyg-1(it25) (Kemp et al., 2007), sas-5(t2079) (Delattre et al.,
2004), let-92(s504) (Ogura et al., 2010), sur-6(sv30) (Ogura et al., 2010), fog-2
(q71) (Schedl and Kimble, 1988), and transgenic animals expressing
GFP-TAC-1 (Bellanger and Go¨nczy, 2003), GFP-SPD-2 (Kemp et al., 2004),
GFP-SAS-6 (Leidel et al., 2005), GFP-SAS-5 (Delattre et al., 2004), as well as
GFP-SAS-5; fog-2(q71) (Delattre et al., 2006) and GFP-SAS-4; fog-2(q71)
(Delattre et al., 2006) were maintained according to standard procedures.
sas-6(ok2554) IV/nT1[qls51] IV; V homozygotes are sterile; the deletion is
1435 bp long, uncovering exons 2–3, presumably resulting in a null allele.
sas-4(tm3951)/hT2 III homozygotes are sterile; the deletion is 605 bp long,
uncovering exon 4 and parts of exons 3 and 5. +/mT1 II; paa-1(ok1539)/mT1
[dpy-10(e128)] III homozygotes are lethal; the deletion is 621 bp long and
uncovers parts of exons 1–2.
RNA Interference
RNAi-mediated inactivation using bacterial feeding strains was essentially as
described (Delattre et al., 2006). Unless specified otherwise, L4 larvae were
placed on feeding plates at 24C for 26–28 hr prior analysis. For partial inacti-
vation of let-92, L4 larvae were placed on feeding plates at 16C for 20 hr.
For immunoprecipitation analysis, inactivation of sas-6 was achieved by
placing L4 larvae at 20C for 24 hr.
Indirect Immunofluorescence
Embryos were fixed in methanol and stained essentially as described (Leidel
et al., 2005). Primary antibodies were 1:800 SAS-4 (Leidel and Go¨nczy,
2003), 1:250 GFP (gift from Viesturs Simanis), 1:1500 ZYG-1 (Leidel and
Go¨nczy, 2003), 1:1000 TBG-1 (Hannak et al., 2002), 1:100 TAC-1 (Bellanger
and Go¨nczy, 2003), 1:3000 SPD-5 (Hamill et al., 2002) (all raised in rabbit),
as well as mouse 1:200 a-tubulin (DM1a, Sigma). Secondary antibodies
were goat anti-mouse coupled to Alexa 488 and goat anti-rabbit coupled to
Alexa 568 (Molecular Probes), both used at 1:500. Slides were counterstained
with 1 mg/ml Hoechst 33258 (Sigma) to reveal DNA.
Microscopy
Live embryos were imaged at 23C with dual time-lapse DIC and fluorescent
microscopy on a Zeiss Axioplan 2, using a 6% neutral density filter and
a 103W Arc Mercury lamp. The motorized filter wheel, two external shutters
and the 12 bit Spot RT Camera were driven byMetaMorph (Universal Imaging),
sampling one image pair every 10 s.
Indirect immunofluorescence was imaged on a Leica TCS SP2 or Zeiss
LSM710 confocal microscope. Optical sections were acquired every
0.25–0.3 mm, and planes containing centrioles projected together. A similar
procedure was applied for microtubules and DNA. Images were processed
using Adobe Photoshop, preserving relative image intensities within a series.
In experiments with Calyculin A, drug entry was performed using a
Leica LMD microscope equipped with a pulsed N2 laser (l = 337 nM).
Embryos were placed in M9 containing 20 mM Calyculin A in 2% DMSO. After
piercing of the eggshell and drug entry, recordings of GFP-SPD-2 and
GFP-SAS-5 were acquired by spinning-disk time-lapse confocal microscopy,
using a 633 N.A. 1.4 Apochromat lens on a Zeiss Axiovert 200 microscope
equipped with a Yokogawa CSU-10 spinning disk unit (McBain), illuminated
with a 50 mW 473-nm DPSS laser (Cobolt). Images were captured on
a Cascade 512B EM-CCD camera (Photometrics), using MetaMorph. Stacks
of 13–15 confocal slices were acquired every 1–2 min and all slices projected
for each time-point. Images were processed using Image J and Adobe
Photoshop.
Immunoprecipitation and Western Blot Analysis
with Embryonic Extracts
Embryonic extracts were prepared by bleaching synchronized worms, resus-
pending the embryo pellet in an equal volume of lysis buffer (20 mM Tris-HCl
[pH 7.5], 100 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 1 mM
DTT, and 1:1000 protease inhibitor cocktail; Sigma) and freezing the pellet in
liquid nitrogen. Frozen embryos were ground using a mortar and pestle and
an equal volume of lysis buffer added. The sample was spun at 13,000 rpm560 Developmental Cell 20, 550–562, April 19, 2011 ª2011 Elsevier Ifor 10 min and the supernatant collected for immunoprecipitation and western
blot analysis. For LET-92 immunoprecipitation, 2 mg of protein from the super-
natant was incubated with 10 ml antibodies (PP2A [Y119], Epitomics) for 2 hr at
4C on a rotator. For mock immunoprecipitation, 2 mg of the supernatant was
similarly incubated with either crude sera or purified rabbit IgG (Sigma). 20 ml of
protein G-Sepharose beads (Amersham) were also added. The beads were
then washed with lysis buffer four times, resuspended in SDS sample buffer
before loading onto a 10% or 4%–15% gradient SDS-PAGE gel. The transfer
was performed using Immobilon-P transfer membrane (Millipore Corporation,
Bedford, MA). Primary antibodies for western blot were 1:200 SAS-6 (rabbit)
(Leidel et al., 2005), 1:500 SAS-5 (rabbit) (Leidel et al., 2005), 1:1000 a-tubulin
(mouse, DM1a, Sigma), as well as 1:200 LET-92 (this study, raised in rabbit
against, and strip-affinity purified with, GST-LET-92). For detection of SAS-
5, HRP-conjugated protein A (Amersham) was used at 1:300 in place of
secondary antibodies to avoid detecting IgG heavy chains. The signal was
detected with chemiluminescence (Roche or Pierce). HRP-conjugated anti-
rabbit and anti-mouse antibodies (Amersham) were utilized as secondaries
at 1:5000.
Yeast Two-Hybrid Assay
SAS-5 fragments, SAS-5 and SAS-6 were cloned into the yeast two-hybrid DB
vector (pGWGBT9) by Gateway (Invitrogen) recombinational cloning (Hartley
et al., 2000; Walhout et al., 2000) and the resulting constructs transformed
into the haploid AH109 yeast strain (Clontech) (MATa, trp1-901, leu2-3, 112,
ura3-52, his3-200, gal4D, gal80D, LYS2::GAL1UAS-GAL1TATA-HIS3,
GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ, MEL1).
LET-92, PAA-1, SUR-6, were transferred into AD vector (pGWACT2) by
Gateway recombinational cloning and transfected into the haploid Y187 yeast
strain (Clontech) (MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112,
gal4D, met–, gal80D, MEL1, URA3::GAL1UAS -GAL1TATA-lacZ). All DB
constructs were tested for auto-activation by assaying the activation of
GAL1::HIS3 on minimal medium lacking histidine but containing 2 mM
3-amino-1,2,4-triazole (3-AT) in the absence of any AD-containing vector
(Walhout and Vidal, 2001). Interactions were tested through mating of the
two yeast strains. Phenotypic testing evaluated growth of diploid cells on
selective medium (Leu-, Trp-, His-, 2 mM 3-AT).
Coimmunoprecipitation assay in 293T Cells
Full-lengthORFs coding for SAS-5, LET-92, SAS-6, PAA-1, SUR-6were ampli-
fied from the AD-wrmcDNA library and Gateway cloned into the pDONR201
entry vector. SAS-5 and SAS-5 variants were transferred using the LR reaction
into the expression vector pDEST-CMV-Flag containing a Flag epitope
upstream of the B1 recombination site. All other ORFs were subjected to LR
into pDEST-CMV-3xHA vector.
Plasmids pDEST-CMV-3xHA and pDEST-CMV-Flag expressing each
a fusion protein from the CMV promoters were transfected into 293T cells
using FugenHD according to the manufacturer’s instructions (Roche). Cells
were cultured for 48 hr in DMEM and lysed in 0.1% NP-40 buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1mM EDTA and complete protease inhibitors
and phosphatase inhibitors (Thermo Scientific). Lysates were cleared by
centrifugation at 14,000 3 g and subjected to coimmunoprecipitations using
anti-Flag (Sigma) agarose beads. Purified complexes and control lysate
(10 mg of total protein) were separated on Nu-PAGE Bis-Tris 4%–12% gels
(Invitrogen), and Flag and HA tagged proteins detected using standard
immunoblotting techniques. Antibodies were mouse monoclonal anti-Flag
(0.5 mg/ml, clone M2, Sigma) and monoclonal anti-HA (0.4 mg/ml, clone
HA.11, Covance).
Human Cell Culture and RNA Interference
HeLa cells were cultured in high-glucose DMEM with GlutaMAX (Invitrogen)
supplemented with 10% fetal calf serum (FCS) in a humidified 5% CO2 incu-
bator at 37C. For RNAi experiments, 100,000 cells were seeded on
18 mm sterile glass coverslips in 6-well plates. 6 ml of 20 mM siRNA in 100 ml
OptiMEM medium (Invitrogen, Carlsbad, CA) and 4 ml of Lipofectamine RNAi-
MAX (Invitrogen, Carlsbad, CA) in 100 ml OptiMEM were incubated in parallel
for 5min, mixed for 15min, and then added to 2mlmedium per well. The trans-
fected cells were analyzed after 72 hr. Double stranded siRNA oligonucleo-
tides against PPP2R1A were synthesized with 30-UU overhangs with thenc.
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AGACGAA (data not shown; both from QIAGEN).
To assess the efficacy of PPP2R1A siRNA, total RNA of HeLa cells was iso-
lated with the RNeasy kit (QIAGEN) and first-strand cDNA synthesized using
the RevertAid First Strand cDNA Synthesis kit (Fermentas). The following
paired primers were used for the PCR reaction: PPP2R1A (50-cctgagatcaccaa
gacagac-30 and 50-gatggcatatacatgatccac-30), GAPDH (50-caaggtcatccatg
acaactttg-30 and 50-gtccaccaccctgttgctgtag-30).
Indirect Immunofluorescence on Tissue Culture Cells
Cells were fixed in 20C methanol for 10 min and washed in PBS-0.05%
Triton X-100. After blocking in 1% bovine serum albumin (BSA) in PBS-0.1%
Triton X-100 (PBX-100) for 1 hr, cells were incubated with primary antibodies
over night at 4C. Following three washes in PBX-100 for 5 min, cells were
incubated with secondary antibodies and 1 mg/ml Hoechst 33258 for 1 hr at
room temperature, washed four times for 5 min in PBS-X-100 and mounted.
Primary antibodies were 1:1000 mouse Centrin-2 (20H5, gift from J.L. Salis-
bury) and 1:200 rabbit HsSAS-6 (Strnad et al., 2007). Secondary antibodies
were 1:500 Alexa488-coupled anti-mouse and Alexa568-coupled anti-rabbit.
Confocal images were taken on the Leica TCS SP2 inverted microscope using
a 633 oil immersion objective (Zeiss, Germany). Confocal sections of relevant
structures were taken with 0.2–0.4 mm intervals and maximum intensity pro-
jected using the Leica LCS Lite software (Leica Microsystems, Germany).
Images were processed in Adobe Photoshop.
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